Changes in methanogenic activity were determined in slurries of soil collected from a paddy field. Acetate or H 2 added as a methanogenic substrate stimulated methane production in most samples. In soil collected when the field was continuously flooded, the two substrates affected production similarly, while in the samples collected when the field had been drained, H 2 stimulated production more strongly than acetate. The effect of temperature on methane production in paddy soil was also investigated. In continuously flooded soil, the temperature optimum for production was 40°C, however, this shifted to 45°C during a period of intermittent irrigation accompanied by a marked decrease in activity. The temperature optimum during the non-cropping season was also 45°C. It was suggested that the dominant methanogens in the drained paddy field are H 2 -utilizers, different from the dominant groups in flooded paddy soil.
Atmospheric methane, a greenhouse gas of secondary importance, is mostly produced biologically by methanogenic archaea in anaerobic environments and flooded paddy soil is considered one of the major sources of emissions 6, 25, 32, 34) . It is important to analyze the structure of the archaeal methanogenic community to understand the microbiological processes behind methane emission from paddy fields.
The major substrates of methane in flooded paddy soil are thought to be acetate and H2/CO2 [7] [8] [9] 15, 24, 27, 28) . Recent analyses of the methanogenic community in flooded paddy soil have been based on cultivation-dependent and 16S rRNA-dependent molecular techniques carried out using soil microcosms incubated under anaerobic conditions. These investigations have identified H 2 -utilizing Methanobacteriaceae and Methanomicrobiaceae or acetate-utilizing Methanosarcinaceae and Methanosaetaceae as major methanogenic groups in paddy soil 4, 5, 11, 13, 14, 19) .
We have been investigating changes in the methanogenic activity of paddy soil in Japan for several years 16, 18, 30, 31) . Through these efforts we demonstrated that the activity increased markedly while the field was continuously flooded and decreased during a period of intermittent irrigation, usually lasting from early July to mid-September. Although the strict timing of the increase and decrease in methanogenic activity differed each year, the pattern of changes was similar 30) .
Methanogenic archaea are strictly anaerobic microbes and thought to be highly sensitive to oxygen 26, 33) , however, it has been reported that methanogens are able to survive in aerobic environments including drained paddy soil 10, 21) . Methanobacteriaceae are also known to be able to survive dry and oxic conditions 20) . We reported previously that methanogens could survive in air-dried paddy soil for many years 29) . That methanogenic activity was detected in soil during the oxic period 18, 30, 31) also indicates that some active methanogens survive in oxic paddy soil during the nonflooding period. It is of interest to know the differences in the methanogenic archaeal community between the anoxic soil of flooded fields and the oxic soil of drained fields.
During the course of investigations on methanogenic activity in paddy soil 16, 18, 30, 31) , we have repeatedly examined the temperature dependence of methane production at different stages in the cultivation of rice. Since the variations in the temperature dependence seem to indicate distinct differences in the structure of the methanogenic archaeal community in paddy soil between periods of flooding and nonflooding, we report here the results obtained.
Materials and Methods

Experimental rice field
Soil samples were collected from 1996 to 1999 from a plot (RS plot) (4.4´2.3=10.12 m 2 ) treated with rice straw (5 t/ha, annually) in the experimental rice field at the Shonai Branch of Yamagata Agricultural Experimental Station, Fujishima Yamagata, Japan. Characteristics of the paddy field soil have been described previously 18, 30, 31) . Cultivation and growth of rice plants progressed as described previously with some alterations [16] [17] [18] 30, 31) . In general, the field was flooded from the beginning of May and Japonica type rice (Oryza sativa cv. Haenuki) was transplanted around May 10. The field remained flooded until a maximum tiller number was reached. Then, it was drained over about 10 days (typically, from June 25 to July 8). The midseason drainage was followed by a period of intermittent irrigation until eventually all the water had been removed by early-to midSeptember. Finally, the rice plants were harvested. During the four years of this study, environmental factors such as air and soil temperatures, and the water and Fe(II) contents of soil showed similar seasonal changes to those described previously [16] [17] [18] 30, 31) . In general, the soil temperature was around 13°C when the field was first flooded and reached a maximum of around 25°C at the end of July. The water content of soil, especially in the upper layers, decreased from about 55-60% (w/w) to about 45% (w/w) as the midseason drainage progressed (data not shown).
Sampling of paddy soil and evaluation of methanogenic activity
Soil sampling and the determination of methanogenic activity in soil were performed as described previously 17, 18, 30, 31) . In brief, core samples of soil (5 cm in diameter 10 cm in depth) obtained from three different sites of the RS plot were thoroughly mixed. The samples used to determine methanogenic activity were prepared by carefully removing materials such as plant residues (mainly rice straw), rice roots and small pebbles 17, 18, 30, 31) .
For the assessment of methanogenic activity, that is, the potential for activity of the methane-producing archaea present in a soil sample, an anoxic diluent (irrigation water collected from a canal flowing into the field, bubbled with O 2 -free N 2 gas after the addition of 0.5 g L -1 L-cysteineHCl·H2O, and autoclaved), was added to each soil sample (1:1) and the soil slurry was dispensed into tubes (18 mm in diameter ´180 mm in height) under the N 2 gas flow. Each tube containing 10 ml of slurry was sealed under the gas flow with a butyl-rubber double stopper and immediately incubated at 30°C for 8 h. The tubes were gently shaken during the incubation to maintain equilibrium between the headspace and the water. To assess the methanogenic activity in the presence of exogenous substrates, sodium acetate was added to the slurry at a final concentration of 10 mM or the N 2 gas in each tube was replaced with H 2 gas. The concentration of methane in the headspace of the tubes was measured at intervals of 2 h by gas-chromatography (Hitachi 263 or G-5000 gas-chromatograph). The methanogenic activity (mg CH 4 /kg d.w./day) was calculated from the change in the methane concentration in the headspace and the dry weight of the sample. All determinations were made in triplicate.
To examine the temperature-dependence of methane production in paddy soil, soil slurries dispensed into tubes were incubated at different temperatures as described in the text. Since the methanogenic rates of soil samples obtained during the non-cropping season were usually rather low and very little methane was produced during incubation for 8 h, especially at lower temperatures, the incubation period for some samples was extended to 24 h. Q 10 values of the methanogenic rates (v t+10 /v t ; where v t and v t+10 are methanogenic rates of slurries of a soil sample at t°C and (t+10)°C, respectively) were calculated for various temperature pairs to compare differences in the temperature-dependence of methane production depending on the soil samples.
Results
Methane production in the presence or absence of exogenous acetate or H 2 in paddy soil slurries
The potential for methanogenic activity of soil obtained from the RS plot at various times in 1998 was determined by incubating soil slurries at 30°C with or without acetate or H 2 . Methane was produced at almost a linear rate during incubation over 8 h in most of the samples and it appeared that the addition of methanogenic substrates affected production differently depending on the samples. Representative results are presented in Fig. 1 . For most of the samples collected while the field was continuously flooded, the acetate and H 2 stimulated methane production to a similar level to that observed on June 3, or production occurred even in the absence of exogenous substrates as on June 24. As for the soil samples collected during intermittent irrigation or after harvest, methane levels in the slurries without exogenous substrates were usually low and H 2 stimulated production more strongly than acetate as on September 20.
Changes in the potential for methanogenic activity in the RS plot were investigated in this way in 1998 ( Table 1 ). The methanogenic activity of soil collected before flooding was low irrespective of the presence of exogenous substrates. Activity levels determined in the presence of both substrates increased rapidly just after the start of flooding on May 4 and remained high throughout the continuous flooding, although the level of activity in the absence of substrate was low until mid-June. This indicates that the rate-limiting factor for methane production in soil during this period is the supply of substrates. Methanogenic activity, except in the presence of H2, decreased markedly during intermittent irrigation and remained low throughout the non-cropping season. Meanwhile, activity levels were usually much higher in the presence of H2 than acetate.
Changes in temperature dependence of methane production in paddy soil
The temperature dependence of methane production in paddy soil was investigated by incubating soil slurries at temperatures from 15°C to 55°C in the presence of acetate or H 2 . The determination was performed repeatedly using samples obtained from the RS plot during the period from 1996 to 1999. Almost the same results were obtained for samples collected in the same periods irrespective of sampling year and it appeared that the temperature dependence of methane production in paddy soil changed depending on the stage of cultivation. Typical results showing the temperature dependence and changes therein, which were obtained mainly in 1997 for the cropping season and in 1999 for the non-cropping season, are presented in Fig. 2 . Figure 2A shows the temperature dependence of methane production in soil collected while the field was continuously flooded. The activity was greatest at 40°C for all samples ir- respective of the substrates used, although the substrate giving maximum activity differed depending on the sample. Figure 2B shows the temperature dependence of soil obtained during the period of intermittent irrigation. For some samples collected early in this period, a similar pattern of temperature dependence to that shown in Fig. 2A was obtained (data not shown). Methane production in the presence of acetate, however, was much lower than that in the presence of H 2 irrespective of the incubation temperature.
The temperature dependence in the presence of H2 changed with a shift in optimum temperature to 45°C, although that with acetate remained at 40°C even late in August.
For soil sampled in the non-cropping season, the temperature dependence of methane production was determined in the presence of exogenous H 2 , since production in the presence of acetate was slight as described above. For all samples collected during this period, maximum activity was obtained at 45°C. When the temperature dependence was A, continuous flooding; B, intermittent irrigation; C, from harvest to winter. Methane production was determined in the presence of sodium acetate ( ) and H 2 ( ) or in the absence of exogenous substrate ( determined without the addition of substrates on December 4, the highest activity was also obtained at 45°C (Fig. 2C) . Effects of temperature on methane production in paddy soil treated with acetate and H 2 were further investigated by comparing Q 10 values based on various temperature pairs shown in Fig. 2 (Table 2 ). For the soil sampled in the cropping season, the values obtained with acetate clearly decreased with the increase in temperature with one exception, while the values obtained with H2 changed little for the temperature pairs below 40°C. The values increased in reverse to the increase in temperature for the soil samples collected on November 16 and December 4. Especially for those collected on December 4, the temperature dependence of which was determined without exogenous substrates, extraordinarily high values were obtained for temperature pairs above 30°C.
Discussion
The methanogenic activity in soil increased markedly while the field was continuously flooded and decreased rapidly following midseason drainage and intermittent irrigation. The overall pattern of change in the potential for methanogenic activity was consistent with previous reports 18, 30, 31) . It has been demonstrated that the major substrates for methanogenesis in anoxic paddy soil are acetate and H 2 /CO 2 7-9,24,27,28) . These substrates are supplied through the decomposition of organic matter by various fermentative microbes in soil 24, 27, 34) . Therefore, active production of methane without substrates added indicates that methanogenic substrates were produced in the slurries endogenously during the incubation or the pool size of acetate in the soil used was sufficiently high. In contrast, the stimulation of methane production achieved with exogenous substrates indicated that the supply of substrate was limited as compared with the methanogenic population present. Although it is difficult to differentiate between acetate-and H2-utilizing methanogenic populations from the potential for methanogenic activity, the activity in the presence of added substrates should be considered to roughly correspond to the population density of active methanogens in the slurry.
In this investigation, we filled the headspace of the incubation tubes with H2 as a substrate for methane production, but not H 2 /CO 2 . Adding CO 2 to the headspace of the incubation tubes together with H 2 affects the pH value of the slurry making it necessary to add a reagent such as sodium carbonate. We speculated that the treatment might affect different factors in the soil slurries in relation to pH depending on the substrates added. Therefore we used H2 as the sole methanogenic substrate to simplify the incubation system. It was possible that the amount of CO 2 was limited for H 2 -utilizing methanogenic populations in some soil slurries and this affected the methanogenic rates. However, since H 2 stimulated methane production in most of the slurries and the production usually proceeded linearly over time irrespective of the incubation temperature, we considered that CO 2 produced endogenously supported the production of methane from H2 and the absence of exogenous CO2 was not critical over the short time of the incubation.
When the methanogenic population in paddy soil was enumerated by the most probable number (MPN) method, seasonal changes in the population density were not so distinct and methanogenic populations with similar levels as those during the flooding period were often detected even in oxic soil after harvest 1, 16) . The changes in methanogenic activity of paddy soil observed in this study indicated that the population of active methanogens rapidly expanded immediately after the flooding of the field and remained high throughout the continuous flooding. Thereafter, the population of active methanogens, especially acetate-utilizers, decreased to about 1-5% of that in flooded soil with the drainage of the field. It seems likely that the dilution of soil samples for the MPN method strongly affects methanogens and restricts their ability to growth. In addition, it is suggested that the methanogens which dominate in flooded soil are highly sensitive to negative changes in the environment. The preparation used in this investigation might be much milder on the methanogens than the processing for the MPN method. It was found in this study that the temperature dependence of methane production in paddy soil changed depending on the season. In continuously flooded soil, methanogens with an optimum temperature of 40°C were dominant, although substrate utilization could not be specified, since the methanogenic activity during this period was high even without the addition of substrates. During the period of intermittent irrigation, the active population of acetate-utilizing methanogens became significantly smaller than that of H2-utilizers, along with a shift in temperature optimum to 45°C. Thus, the methanogens which survive oxic conditions in soil during intermittent irrigation seem to be mainly H 2 -utilizers, with an optimum temperature of around 45°C, and are different from the dominant methanogens in flooded soil. As for the cropping season, the Q 10 values obtained with exogenous acetate obviously decreased with a rise in the temperature, while the values obtained with H 2 were relatively constant for the temperature pairs below 40°C. These results suggested that in continuously flooded soil the dominant acetate-utilizing methanogens were more sensitive to an increase in temperature than the H 2 -utilizers.
The methanogenic activity of the RS plot determined in the presence of acetate rapidly increased after flooding of the soil. This suggested that the population of dominant acetate-utilizing methanogens in flooded soil, which had an optimum temperature of 40°C, increased rapidly and soon exceeded that of the H 2 -utilizing methanogens which had survived winter.
Most species of mesophilic methanogens, including mesophilic acetate-utilizing methanogens in Methanosarcinaceae and Methanosaetaceae, have temperature optimums of 30-40°C though some H2-utilizers have a temperature optimum of 45°C 26, 32) . It was reported that methanogens isolated from paddy soil had a temperature optimum of 37°C 2, 23) and cellulose-degrading enrichment-culture from paddy soil, which had been transferred at 30°C, showed optimum methane production at 40°C 4) . The temperature optimum for methane production obtained in the present study, 40°C, for flooded soil is consistent with these reports.
The incubation experiments with paddy soil slurries showed that low temperatures stimulate carbon flow through acetate more than H 2 /CO 2 3,7) . Chin et al. 4, 5) reported that the dominant acetate-utilizing methanogens in paddy soil slurries were Methanosarcinaceae at 30°C and Methanosaetaceae at 15°C. Methanosarcinaceae can grow on several substrates including H 2 /CO 2 , methanol and methylamines in addition to acetate, whereas acetate is the sole substrate for Methanosaeta concilii, the only mesophilic species in Methanosaetaceae 32) . It has also been reported that growth rates of Methanosarcina spp. are higher than those of Methanosaeta concilii, although the affinity for acetate of the former group is lower than that of the latter 15) . Roy et al. 22) indicated that although H2-utilizing methanogens dominated initially in paddy soil slurries, they were replaced by acetate-utilizing methanogens during the first 3 days of incubation at 25°C. Further, Grobkopf et al. 13) indicated that the population of Methanosarcinaceae about doubled during the first 11 days in paddy soil slurries at 25°C, whereas the population of Methanobacteriaceae decreased over time and frequencies of Methanomicrobiaceae and Methanosaetaceae did not change during 17 days of incubation. Concerning our study, when some soil slurries which had an optimum temperature of 45°C were incubated longer, the methanogenic rate at 40°C significantly increased after two or three days and the total amount of methane produced soon exceeded that at 45°C (data not shown). Recently, Fey et al. 12) reported that dramatic change in the archaeal methanogenic community in flooded paddy soil incubated at temperatures above 37°C under anoxic conditions and that thermophilic methanogens, most probably H 2 -utilizers and belonging to uncultivated euryarchaeotal Rice cluster I 4, 5, 11, 14, 19) , were present in the soil of a field of Italian rice. Although differences in the composition of the methanogenic archaeal community could not be specified from only the difference in the temperature dependence of methane production, the results obtained in the present study are consistent with those described previously and suggest that similar changes in the methanogenic community also occur in paddy soil.
In conclusion, it was shown that the structure of the methanogenic archaeal community in soil changes remarkably upon the flooding of the paddy field and the supply of substrates is the main rate-limiting factor for methane production during this period. The temperature optimum for the dominant methanogens during flooding is around 40°C. During the period of intermittent irrigation, the structure of the methanogenic community changes again to favor those having the ability to survive the oxic period. The dominant methanogens in the oxic and non-cropping periods might be H2-utilizers which have an optimum temperature of around 45°C. Further study of the methanogenic archaeal community in paddy soil by the molecular approach based on the direct extraction of DNA from samples along with an attempt to isolate and characterize these methanogens is needed.
